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HIGHLIGHTS 


►  NPG-PPy  hybrid  electrodes  are  fabricated  by  combining  dealloying  and  electropolymerization. 

►  Nanoporous  hybrid  structure  facilitates  charge  transport  and  thus  has  low  internal  resistance. 

►  Ultrahigh  energy  densities  of  ~100  Wh  kg  1  in  a  3-electrode  configuration,  comparable  to  NiMH  batteries,  can  be  achieved. 

►  High  power  density  of  ~57  kW  kg-1  is  retained  along  with  ultrahigh  capacitance. 

►  The  hybrid  electrodes  keep  up  to  85%  the  maximum  capacitance  after  3000  cycles. 
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A  high  energy  density  is  critical  for  supercapacitors  to  supersede  conventional  batteries  for  the  appli¬ 
cations  where  both  high  power  and  high  energy  are  demanded.  Here  we  report  nanoporous  metal/ 
conductive  polymer  hybrid  electrodes  fabricated  by  electrochemically  plating  conductive  polypyrrole 
into  nanoporous  channels  of  a  dealloyed  nanoporous  metal.  The  low  electric  resistance  and  open 
porosity  of  the  nanoporous  metal  give  rise  to  excellent  conductivity  of  electrons  and  ions  and  hence 
dramatically  improved  electrochemical  performances  of  the  pseudocapacitive  polypyrrole.  Super¬ 
capacitors  based  on  the  hybrid  electrodes  show  an  ultrahigh  energy  density  of  ~  100  Wh  kg-1  in  a  three- 
electrode,  comparable  to  NiMH  batteries,  as  well  as  high  power  density  of  ~57  kW  kg-1.  Cycling  stability 
measurements  demonstrate  that  the  hybrid  electrode  can  retain  85%  of  the  maximum  capacitance  after 
3000  cycles  and  the  degeneration  is  mainly  caused  by  the  dissolution  of  polypyrrole  during  charge/ 
discharge  cycling. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

With  the  rapid  development  of  the  economy  and  the  exhaus¬ 
tion  of  fossil  fuels,  electrochemical  energy  storage  and  conversion 
systems,  such  as  batteries,  fuel  cells  and  supercapacitors,  with 
both  high  power  density  and  energy  density  are  highly  demanded 
as  alternative  energy  sources  of  electric  and  hybrid  electric  vehi¬ 
cles  in  green  energy  innovation.  [1—5]  Among  these  energy 
devices,  supercapacitors  are  expected  to  bridge  the  gap  between 
conventional  capacitors  with  high  power  density  but  low  energy 
density  and  batteries  that  have  high  energy  density  but  low  power 
density  [6-11]  because  there  is  still  a  large  space  for 
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supercapacitors  to  further  improve  their  energy  density  with 
retaining  high  power  density.  There  are  two  mechanisms  for  the 
charge  storage  of  supercapacitors.  One  is  so  called  electrochemical 
double-layer  capacitance  by  non-Faradic  surface  ion  adsorption; 
[6,7,12,13]  and  the  other  is  the  pseudocapacitance  by  fast  Faradic 
redox  reactions  at  electrode/electrolyte  interfaces  [14-16]  These 
two  mechanisms  can  work  separately  or  together,  depending  on 
the  electrode  materials  used  in  supercapacitors  [4,17,18]  Conduc¬ 
tive  porous  materials  with  large  surface  areas,  such  as  active 
carbon  and  nanoporous  metals,  [1,9,10,19,20]  are  desired  elec¬ 
trodes  for  electrochemical  double-layer  supercapacitors.  In 
general,  electrochemical  double-layer  supercapacitors  have 
obvious  advantages  in  power  density  and  lifetimes,  but  their 
energy  density  is  still  much  lower  than  that  of  batteries  [2,9,18,21] 
Therefore,  it  has  been  the  recent  topic  of  intense  research  to 
search  for  new  electrode  materials  that  can  provide  high  energy 
density,  comparable  to  batteries.  It  has  been  known  that  transition 
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Reference 

Electrode 


Fig.  1.  Schematic  illustration  of  the  three-electrode  system  for  capacitance  measure¬ 
ments  in  this  study. 


metal  oxides,  such  as  M11O2  and  RuC>2,  and  conductive  polymers, 
such  as  polyaniline  (PANI)  and  polypyrrole  (PPy),  have  high 
theoretical  capacitance  values  for  pseudocapacitors  [3,22-25] 
However,  their  capacitive  performances  are  limited  by  high  elec¬ 
tric  resistance  and  low  cycling  stability.  Particularly,  the  attainable 
energy  density  is  often  an  order  of  magnitude  lower  than  their 
theoretical  assessment.  Recently,  by  utilizing  the  excellent 
conductivity,  large  internal  surfaces  and  open  porosity  of  nano- 
porous  gold  (NPG),  Lang  et  al.  successfully  incorporated  pseudo- 
capacitive  Mn02  and  PANI  into  NPG  and  fabricated  novel  hybrid 
electrodes  for  supercapacitors  with  a  high  energy  density  [26,27]. 
Meng  and  Ding  also  documented  the  fabrication  of  an  ultrathin, 
flexible,  all-solid-state  supercapacitor  based  on  PPy-decorated 
NPG  [28]  In  this  study,  we  developed  a  PPy/NPG  hybrid  elec¬ 
trode  that  offers  an  ultrahigh  energy  density  of  ~100  Wh  kg-1  in 
a  three-electrode  mode,  comparable  to  NiMH  batteries,  and 
retained  high  power  density  of  ~57  kW  kg-1  as  well  as  good 
cycling  stability. 


Plating  cycles 


Fig.  2.  .  SEM  images  of  PPy/NPG  composites  with  different  plating  cycles:  (a)  5  cycles;  (b)  10  cycles;  (c)  15  cycles;  and  (d)  20  cycles,  (e)  The  relationship  between  plating  cycles  and 
PPy  loading  amounts. 
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Fig.  3.  .  Microstructure  of  PPy/NPG  composite  with  15  cycle  PPy  loading,  (a)  Bright-held  TEM  micrograph  showing  a  nanoporous  core-shell  structure,  (b)  HRTEM  image  of  the 
interfacial  structure  of  PPy/NPG,  revealing  that  the  amorphous  PPy  bonds  well  with  the  metal  ligaments. 


2.  Experimental 

2.1.  Fabrication  of  nanoporous  gold  (NPG) 

We  fabricated  NPG  by  chemically  dealloying  Ag6sAu35  (at.  %) 
films.  Since  the  formation  of  a  gold  oxide  layer  on  the  ligaments 
during  electrochemical  dealloying  may  significantly  affect  the 
double-layer  capacitive  performance  [33],  in  this  study  the  deal¬ 
loying  was  performed  by  free  corrosion  in  a  69%  HNO3  solution  for 
8  h  at  room  temperature.  The  nanoporous  structure  was  quenched 


by  pure  water  (18.2  MQ  cm),  and  the  residual  acid  within  the 
nanoporous  channels  was  thoroughly  removed  by  rinsing  with 
water  [34,35]. 

2.2.  Fabrication  of  PPy/NPG  composite  and  assembly  of 
a  super  capacitor  device  based  on  PPy/NPG  electrodes 

PPy/NPG  hybrid  electrodes  were  fabricated  by  an  electro¬ 
chemical  plating  method.  1.38  mL  Pyrrole  (99.0%  Wako  Pure 
Chemical  Industries,  Ltd.)  and  5.77  g  sodium  dodecyl  sulfonate 


Fig.  4.  Capacitive  performances  of  the  PPy/NPG  hybrid  electrodes,  (a)  Galvanostatic  charge/discharge  curves  at  6  A  g  1  with  different  PPy  loading  amounts,  (b)  Specific  capacitance 
obtained  at  different  current  densities,  (c)  CV  curves  at  a  scan  rate  of  80  mV/,  (d)  Specific  capacitance  as  a  function  of  the  cycle  number  of  electrochemical  polymerization. 
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(SDS,  Kanto  Chemical  Co.,  Inc.)  were  dissolved  in  200  mL  distilled 
water  to  form  a  0.1  M  solution.  A  NPG  film  was  attached  on 
a  polyethylene  terephthalate  (PET)  membrane  that  was  used  as 
a  holder  for  the  electrochemical  plating.  Half  of  the  NPG  film  was 
covered  by  a  cotton  paper  while  the  remaining  half  was  functioned 
as  the  conductive  area.  The  anodic  oxidation  synthesis  of  pyrrole  on 
NPG  was  conducted  by  cyclic  voltammetry  (CV)  with  a  potential 
window  ranging  from  -0.2  V  to  0.9  V.  The  synthesis  was  performed 
in  a  standard  three-electrode  system  with  a  platinum  sheet  as  the 
counter  electrode,  Ag/AgCl  as  the  reference  electrode,  and  an  NPG 
film  on  a  PET  membrane  as  the  working  electrode.  The  loading 
amount  of  PPy  was  controlled  by  the  cycling  number  of  plating. 

2.3.  Microstructure  characterization 

The  microstructure  and  chemical  composition  of  the  samples 
were  characterized  by  a  field-emission  scanning  electron  micro¬ 
scope  (SEM,  JEOL  JIB-4600F,  15  keV)  and  a  field-emission  trans¬ 
mission  electron  microscope  (TEM,  JEOL  JEM-2100F,  200  keV). 
Raman  spectra  were  recorded  using  a  Renishaw  Raman  microscope 
with  excitation  at  632.8  nm  using  a  He-Ne  laser  at  a  beam  size 
of  -1  pm. 

2.4.  Electrochemical  measurements  of  PPy /NPG  supercapacitors 

The  electrochemical  properties  and  capacitances  of  the  PPy/NPG 
composites  were  studied  in  a  three-electrode  system  by  CV  and 


galvanostatic  charge/discharge  using  an  Iviumstat  electrochemical 
analyzer.  The  system  was  constructed  using  a  platinum  sheet  as  the 
counter  electrode,  Ag/AgCl  as  the  reference  electrode,  and  the  PPy / 
NPG  composites  as  the  working  electrode.  AIM  HCIO4  aqueous 
solution  was  used  as  the  electrolyte  for  the  standard  PPy/NPG  based 
supercapacitors. 

3.  Results  and  discussion 

3 A.  Microstructure  of  PPy/NPG  hybrid  electrodes 

We  use  an  electrochemical  plating  method  to  fabricate  PPy/NPG 
hybrid  electrodes.  The  configuration  of  the  three-electrode  system 
is  shown  in  the  schematic  diagram  of  Fig.  1.  The  loading  amount 
and  the  layer  thickness  of  PPy  can  be  well  controlled  by  the  cycle 
number  of  the  electrochemical  plating.  As  shown  in  Fig.  2a— d,  the 
loading  amount  of  PPy  gradually  increases  with  the  cycling  number 
from  5  to  20  times.  Quantitative  measurements  indicate  the  nearly 
linear  dependence  of  the  PPy  amount  with  the  plating  cycles.  The 
SEM  images  illustrate  an  open  nanopore  structure  with  an  average 
size  of  gold  ligaments  and  nanopore  channels  of  ~80  nm  [29]  The 
PPy  coating  forms  a  core— shell  structure  in  which  the  conducting 
polymer  uniformly  covers  the  internal  surfaces  of  the  metal 
ligaments  as  shown  in  the  SEM  and  bright-held  TEM  images 
(Figs.  Fig.  2c  and  3a).  The  PPy  layers  display  bright  contrast  as  the 
shell  while  the  gold  skeleton  shows  dark  contrast.  High-resolution 
TEM  (HRTEM)  reveals  the  well-bonded  PPy/Au  interface  and  the 


Fig.  5.  Electrochemical  performances  of  the  PPy/NPG  hybrid  electrode  with  the  PPy  coating  loaded  by  15-cycle  electrochemical  polymerization,  (a)  Cyclic  voltammograms  at 
different  scan  rates  in  1  M  HC104.  (b)  Galvanostatic  charge/discharge  curves  at  different  current  densities,  (c)  Internal  resistance  of  the  NPG-based  hybrid  electrode  in  1  M  HC104 
measured  at  the  discharge  current  densities  of  3,  4,  5,  6,  7,  8, 10, 11,  and  12  A  g_1. 
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amorphous  structure  of  the  deposited  PPy  without  any  well- 
defined  periodic  lattice  (Fig.  3b).  The  core-shell  structure  with 
open  porosity  promises  the  good  conductivity  of  the  PPy/NPG 
composite  and  the  effective  rapid  ion  transport  between  the  elec¬ 
trolyte  and  the  composite. 

3.2.  Capacitive  performance  of  PPy/NPG  hybrid  electrodes 

Representative  galvanostatic  charge/discharge  curves  of  the 
PPy/NPG  supercapacitors  as  the  function  of  the  PPy  plating  cycles 
(equal  to  the  PPy  loading  amount)  at  a  current  density  of  6  A  g-1  are 
illustrated  in  Fig.  4a.  The  discharge  time  of  the  supercapacitors 
dramatically  increases  with  the  plating  cycles  and  the  15-cycle 
composite  shows  the  longest  discharge  time.  Fig.  4b  displays  the 
volumetric  capacitances  (Cs)  of  the  PPy/NPG  electrodes  with 
different  plating  cycles  as  the  function  of  the  applied  current 
density.  The  capacitance  increases  with  the  plating  cycles  from  3  to 
15  cycles  and  reaches  the  maximum  value  at  15  plating  cycles.  The 
ultrahigh  specific  capacitance  Cs  is  of  ~  1300  F  g  1  at  the  current 
density  of  3  A  g^1  and  retains  to  be  ~  1000  F  g-1  at  the  high  current 
density  of  ~  12  A  g  1  (Fig.  4b).  Flere,  Cs  was  calculated  according  to 
the  charge/discharge  curves,  Cs  =  i/[-(AE/At)m],  with  i  being  the 
applied  current;  -AE/At,  the  slope  of  the  discharge  curve  after  the 
voltage  drop  at  the  beginning  of  each  discharge  (AEir);  and  m,  the 
mass  of  composite  electrodes.  Fig.  4c  illustrates  cyclic  voltammo- 
grams  of  the  PPy/NPG  electrodes  as  a  function  of  plating  cycles  at 
a  scan  rate  of  80  mV  s-1.  It  is  consistent  with  the  charge/discharge 
measurements  that  more  plating  cycles  give  rise  to  a  larger  CV  area 
and  hence  higher  capacitance  (Fig.  4c).  As  shown  in  Fig.  4d,  the 
specific  capacitance  of  the  hybrid  electrodes  with  different  amount 
of  PPy  dramatically  increases  from  5  to  15  plating  cycles  whereas 
further  increasing  the  PPy  loading  leads  to  the  obvious  decrease  of 
the  volumetric  capacitance  because  the  excess  PPy  creates  channel 
congestion  and  prevents  effective  contact  between  the  core— shell 
PPy/NPG  and  the  electrolyte. 

The  electrochemical  performances  of  the  best  PPy/NPG  elec¬ 
trode  with  15-cycle  PPy  plating  were  systematically  characterized 
by  the  three-electrode  system  in  a  1  M  FIC104  aqueous  solution  at 
room  temperature.  The  CV  curves  of  the  PPy/NPG  electrode  were 
measured  at  the  scan  rates  from  10  mV  s-1  to  100  mV  s_1.  As  shown 
in  Fig.  5a,  the  curves  show  a  symmetrical  and  near  rectangular 
shape,  indicating  good  capacitive  performance  over  the  potential 
window  of  -0.2  V  to  0.75  V.  Fig.  5b  displays  the  representative 
galvanostatic  charge/discharge  curves  of  the  PPy/NPG  electrode 
obtained  at  different  current  densities.  The  discharge  curves  show 
two  stages.  One  is  caused  by  both  the  fast  Faradic  redox  reaction 
and  non-Faradic  surface  ion  adsorption  of  the  PPy/NPG  composite 
with  a  long  voltage  duration  from  0  V  to  0.7  V.  The  double-layer 
capacitive  behavior  of  the  nanoporous  structure  results  in  the 
other  voltage  stage  with  short  discharge  duration  from  0.7  V  to 
0.75  V  [30].  The  internal  resistance  of  the  PPy/NPG  electrode  was 
calculated  by  using  the  equation  R  =  AEir/2i.  The  very  low  internal 
resistance  at  all  tested  current  densities  (Fig.  5c)  further  proves  the 
occurrence  of  fast  electron  transport  in  the  hybrid  electrode,  which 
is  associated  with  the  highly  conductive  gold  network  and  excellent 
contact  between  PPy  and  metal  ligaments.  The  Ragone  plot  of  the 
PPy/NPG  supercapacitor,  compared  with  other  PPy  based  devices,  is 
shown  in  Fig.  6a.  The  specific  power  density  P  and  energy  density  E 
were  calculated  using  the  equations:  P  =  V2/(4Rm)  and  E  =  0.5CV2, 
respectively.  Flere,  V  is  the  cutoff  voltage,  C  is  the  measured  device 
capacitance,  and  R  is  the  internal  resistance  of  the  device  (Table  1 ). 
The  ultrahigh  energy  density  of  up  to  ~  100  Wh  kg-1  along  with  the 
power  density  of  up  to  57  kW  kg-1  of  the  PPy/NPG  based  super¬ 
capacitor  are  approximately  10  times  and  2  times  higher  than 
a  PPy-RGO  based  supercapacitor,  respectively  [31].  Although  the 


100 -i« 


80- 


g,  60-] 

£ 

C5 

*  40- 


20- 


75% 


1.0M  HCIC) 


1000 


2000 


3000 


4000 


5000 


Cycles 


Fig.  6.  (a)  Ragone  plot  of  the  NPG-based  PPy  pseudocapacitors  along  with  the  reported 
PPy-based  supercapacitors  for  comparsion.  (b)  Capacitance  retention  ratio  of  the  PPy / 
NPG  electrode  from  the  1st  to  the  5000th  cycle  at  a  scan  rate  of  100  mV  s-1  in  1  M 
HCIO4  acid  solutions,  (b)  Capacitance  retention  ratio  of  the  PPy/NPG  electrode  from  the 
1st  to  the  1500th  cycle  at  a  scan  rate  of  100  mV  s-1  in  1  M  (green  line)  and  0.1  M  HC104 
(pink  line)  acid  solutions.  (For  interpretation  of  the  references  to  color  in  this  figure 
legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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Table  1 

Internal  resistance,  power  densities  and  energy  densities  of  NPG-based  PPy  pseudocapacitors  with  different  PPy  plating  cycles. 


Current  density 
(Ag-1) 


Parameters 
R  (Ohms) 


P(kWkg-1) 


E  (Wh  kg"1) 


Samples  (plating  cycles) 


5 

10 

15 

20 

5 

10 

15 

20 

5 

10 

15 

20 

3 

16.67 

14.30 

12.26 

15.48 

1.05  x 

104 

3.56 

X 

104 

4.31 

X 

104 

2.69 

X 

104 

32.60 

80.48 

100.20 

67.64 

4 

17.46 

15.00 

11.22 

16.54 

1.23  x 

104 

3.60 

X 

104 

4.60 

X 

104 

2.78 

X 

104 

26.43 

76.59 

93.32 

65.42 

5 

17.98 

15.32 

11.44 

16.30 

1.30  x 

104 

3.65 

X 

104 

4.70 

X 

104 

2.87 

X 

104 

25.66 

74.67 

87.38 

64.78 

6 

18.07 

15.20 

10.90 

15.42 

1.44  x 

104 

3.74 

X 

104 

4.72 

X 

104 

2.92 

X 

104 

23.80 

73.45 

83.17 

64.07 

7 

18.00 

14.01 

11.08 

15.34 

1.69  x 

104 

3.80 

X 

104 

4.82 

X 

104 

2.96 

X 

104 

22.69 

71.97 

80.44 

60.53 

8 

18.10 

14.35 

9.18 

14.98 

1.71  x 

104 

3.93 

X 

104 

5.09 

X 

104 

2.99 

X 

104 

21.87 

71.60 

78.25 

59.27 

10 

17.98 

13.82 

9.70 

16.23 

1.83  x 

104 

4.05 

X 

104 

5.38 

X 

104 

3.07 

X 

104 

21.17 

70.59 

75.96 

57.41 

11 

18.02 

13.49 

10.21 

15.8 

1.85  x 

104 

4.11 

X 

104 

5.71 

X 

104 

3.11 

X 

104 

20.63 

69.64 

75.67 

56.00 

12 

18.05 

14.56 

9.65 

16.12 

1.91  x 

104 

4.16 

X 

104 

5.76 

X 

104 

3.15 

X 

104 

20.07 

68.00 

75.66 

50.25 

high  energy  density  measured  from  three-electrode  cell  is  higher 
than  that  in  a  two-electrode  configuration,  the  energy  density  at 
high  power  of  the  PPy/NPG  composite  in  the  three-electrode 
mode  is  comparable  to  that  of  the  NiMH  batteries,  which  sheds 
light  on  the  supercapacitor  devices  for  high  energy  applications. 
The  ultrahigh  capacitance  of  the  PPy/NPG  composite  also  makes 
the  novel  conductive  polymer  and  nanoporous  metal  based 


Fig.  7.  Raman  spectra  of  the  PPy/NPG  electrode  before  the  electrochemical  cycling 
(line  a)  and  after  1500  cycles  (line  b). 


supercapacitors  a  promising  candidate  for  the  high  power  and  high 
energy  applications. 

3.3.  Cycling  stability  of  PPy/NPG  hybrid  electrodes 

Conductive  polymer  based  supercapacitors  usually  suffer  from 
low  cycling  stability.  For  the  PPy/NPG  based  supercapacitor,  the 
cycling  stability  was  measured  by  CV  testing  at  a  scan  rate  of 
100  mV  s-1.  The  results  reveal  that  the  PPy/NPG  electrode  possesses 
much  better  stability  compared  to  other  PPy  based  supercapacitors. 
The  high  capacitance  can  keep  up  to  85%  after  3000  cycles  (Fig.  6b). 
Even  after  5000  cycles,  the  capacitance  still  retain  to  be  75%  of  the 
maximum  capacitance.  Raman  spectroscopy  and  TEM  were 
employed  to  investigate  the  structure  changes  caused  by  electro¬ 
chemical  cycling.  Fig.  7  shows  the  Raman  spectra  of  the  PPy  loaded 
into  the  nanopore  channels  of  NPG.  The  characteristic  bands  of  PPy 
at  1602  cm-1, 1377  cm-1, 1068  cm-1,  etc.  can  be  identified  in  the  as- 
prepared  sample.  The  1602  cm-1  band  has  been  assigned  to  an 
overlap  of  bands  arising  from  the  radical  cation  and  dication  and 
the  1068  cm-1  band  is  from  the  CH  in-plane  bending  vibration  [32] 
After  1500  cycles,  obvious  structure  change  of  PPy  cannot  be  found 
from  the  Raman  spectra,  implying  that  the  degeneration  of  the 
capacitance  is  not  associated  with  the  irreversible  PPy  structure 
transition.  Fig.  8a  and  b  show  the  TEM  micrographs  of  the  PPy/NPG 
composite  after  1500  cycles.  The  post-mortem  inspection  suggests 
that  the  PPy  coatings  still  bond  well  with  the  NPG  substrate  after 
1500  cycles  but  the  PPy  layer  becomes  evidently  thinner,  compared 
to  that  in  the  as-prepared  one  (Fig.  3a  and  b).  Therefore,  the 
degeneration  of  the  PPy/NPG  electrode  is  mainly  caused  by  the 
dissolution  of  PPy  during  charge/discharge  cycling  in  the  1  M  HC104 


Fig.  8.  Microstructure  characterization  of  the  1500  cycled  PPy/NPG  electrode,  (a)  Bright-held  TEM  micrograph;  and  (b)  HRTEM  image.  The  NPG  substrate  does  not  show  obvious 
change  after  1500  cycles  whereas  the  PPy  coating  becomes  much  thinner  than  that  of  the  as-prepared  hybrid  electrode. 
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aqueous  electrolyte.  In  order  to  confirm  this  result,  a  diluted  elec¬ 
trolyte  of  0.1  M  HCIO4  aqueous  solution  was  used  for  the  cycling 
stability  experiment  at  a  scan  rate  of  100  mV  s-1.  Fig.  6c  (pink  line). 
Compare  to  1  M  HC104  aqueous  electrolyte  (Fig.  6c  (green  line)),  the 
capacitance  can  keep  up  to  91%  after  1500  cycles.  Thus,  the  cycling 
stability  of  the  PPy/NPG  electrode  is  expected  to  be  further 
improved  by  optimizing  the  electrolyte  that  can  effectively  prevent 
the  dissolution  of  PPy. 

4.  Conclusion 

In  summary,  we  have  developed  a  core-shell  NPG-PPy  hybrid 
electrode  by  the  combination  of  dealloying  and  electro¬ 
polymerization.  The  nanoporous  structure  of  the  electrode  can 
effectively  facilitate  fast  ion  transport  between  the  conductive 
polymer  and  the  electrolyte  through  open  nanopore  channels.  The 
NPG  substrate  provides  high  electric  conductivity  and  simulta¬ 
neously  serves  as  the  electron  collectors.  The  novel  supercapacitor 
based  on  the  PPy/NPG  hybrid  electrode  exhibits  ultrahigh  capaci¬ 
tance  and  improved  power  and  energy  densities  as  one  of  the  best 
PPy  based  pseudocapacitive  devices  known  so  far. 
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